Yersinia pestis, the causative agent of plague, is known to develop strategies to overcome the host immune mechanisms and survive in the host. The molecular changes induced by Y. pestis in the host are not well delineated. Here, we examined the early events triggered after the intracellular infection of Y. pestis in human monocytes and lymphocytes by analyzing the host transcriptional profiles using cDNA arrays. We found that sets of genes that, especially at early time periods, were highly upregulated in monocytes alone when compared with a mixed culture of lymphocytes and monocytes. Gene expression responses revealed genes coding for cytokines, chemokines, transcription factors, inflammatory and apoptosis-related genes. Protein levels were measured, and real-time polymerase chain reaction was used to validate the microarray results. Our data suggest that intracellular infection of human monocytes with Y. pestis results in a strong inflammatory response at early time periods and a downregulation of genes such as thromobomodulin, which may play a role in coagulation, resulting in disseminated intravascular coagulation, a primary cause of death in plague infected hosts. We provide evidence that genomic analysis can provide a solid foundation to mechanistic insights to explain some of the symptoms induced by Y. pestis.
Introduction
Yersinia pestis is the causative agent of deadly plague. Plague circulates naturally among susceptible rodents and fleas in enzootic foci throughout the world. Y. pestis infections occasionally spill over into humans. Plague is considered a re-emerging infectious disease in humans, as exemplified by increasing numbers of human plague cases since the early 1990s and outbreaks of plague in Africa, Jordan and India. 1 The recent identification of strains resistant to multiple drugs [2] [3] [4] and the potential use of Y. pestis as an agent of biological warfare suggest that plague still poses a threat to human health. 5 One of the critical virulence mechanisms of Y. pestis is to overcome the host defense mechanisms, proliferate and disseminate in the host. The best characterized of these virulence determinants is the type III system and the effector proteins, Yersinia outer proteins (Yops), 6 which disrupt the protective immune response. 7, 8 This type III secretion apparatus enables bacteria to inject the effector proteins into host cells. They insidiously disrupt cellular immune defense functions, suppressing tumor necrosis factor-a (TNF-a) release, O 2 production and other anti-phagocytosis activities, all of which allow Yersinia to grow unchecked extracellularly. [9] [10] [11] In contrast to the generally extracellular nature of the Y. pestis infection, previous studies have shown that these pathogens can survive and replicate within non-activated macrophages as well. 12 After a flea bite, the transmitted Y. pestis undergoes a series of changes perhaps initiated with the change in temperature upon injection in the mammalian host. At some point after the temperature change, the extracellular bacteria begin to produce Yops; 13, 14 however the amount of time for that to occur has not been definitively documented. To replicate that process in vitro requires growing the bacteria, initially at 261C, then changing the temperature to 371C (for B5 h); upon addition to cultured monocytes (if allowed to grow extracellularly), they proceed to secrete Yops. All previous studies that showed Yop expression inducing an anti-inflammatory response were performed with bacteria grown at 371C in the absence of calcium and employed extracellular bacteria. Although in vitro cell culture models indicate that Y. pestis suppresses the proinflammatory immune response, the organism can cause buboes upon infecting the human body and that is a strong indication of inflammation at some point during the infection. One study showed that Yops were not secreted upon infection of human macrophages when the Y. pestis was grown at 261C before infection, and after infection, extracellular bacteria were washed away and antibiotics used to prevent further growth of extracellular bacteria. 15 Studies have reported numerous genes responsible for expressing the virulence factors in these bacteria. In Ca 2 þ -deficient medium, Y. pestis is able to absorb exogenous pigments (Pgm þ ) and concomitantly produce the established virulence factors, V antigen and Yops. Mutation of Y. pestis to Pgm-negative is known to reduce lethality by peripheral routes of injection. 16 The fraction 1 antigen (F1) capsule of Y. pestis, encoded by the 100-kb plasmid pFra, is often assumed to be essential for full virulence of Y. pestis. 17 However, virulent strains of Y. pestis that are F1À and either pFra þ or pFraÀ have been reported. 18 The pH 6 antigen (pH 6 Ag; PsaA) of Y. pestis has been shown to be a virulence factor. Y. pestis PsaA isogenic strains appeared to significantly reduce phagocytosis of Y. pestis in mouse macrophages. 15 In that study, intracellular bacteria were not able to produce Yops effectively, even though F1 antigen production was not altered.
Yersinia exploits the host innate pattern recognition molecules and defense mechanisms to evade the host immune response. The critical genes and pathways involved, as well as the underlying mechanisms of virulence, are still poorly understood for Y. pestis. Yops are not expressed at reduced temperatures, and so when the bacteria enter the host after a flea bite, Yops have not been observed. The objective of the current study is to examine the cellular and molecular changes induced in monocytes/macrophages with intracellular bacteria, which would mimic the initial stages of infection from the flea to the mammalian host. We infected human monocytes/macrophages with Y. pestis under conditions where Yops expression was repressed (blocked extracellular bacterial proliferation). At various post-infection time periods, we followed the dynamics of gene regulation at a transcription level by microarray, and for protein levels by enzyme-linked immunosorbant assay. We hypothesize that the cellular changes induced in monocytes/macrophages while the bacteria are still intracellular reflect the early stages of infection, which may induce cytokine expression to cause a strong inflammatory response such as bubo formation. A series of strategic manipulations of the acquired high-dimensional data set, coupled with analysis of variance (ANOVA), yielded a statistically validated and biologically significant gene set induced by Y. pestis. The extent and time of induction of cytokines were significantly different in monocytes when compared with lymphocytes alone or a mixture of both cell types. Genes from various functional categories were altered upon exposure to Y. pestis and their expression levels confirmed by real-time polymerase chain reaction (PCR). Protein levels of selected cytokine and chemokines were measured for confirmation. In the current age of heightened awareness toward bioterrorism, it is critical to be able to rapidly and accurately detect exposure to pathogens such as Y. pestis in order to administer appropriate medical treatment and carry out triage procedures as necessary. Studying the molecular events and pathogenicity of Y. pestis offers the possibility to identify pathways that can be targeted for rapid detection and effective countermeasures. Gene expression patterns identified in our study may shed light on the molecular pathogenic events induced by Y. pestis soon after exposure of host immune cells.
Results
Using cDNA arrays and various bioinformatics tools, molecular changes induced by intracellular Y. pestis in human monocytes/macrophages were measured to reflect early stages of infection soon after a flea bite. This was compared with changes in mixed cultures of human monocytes and lymphocytes that might reflect early events in regional lymph nodes. We wanted to examine any secondary effects that might be triggered in the presence of lymphocytes and monocytes at these early time points of exposure. Expression ratios of 1176 genes in Human Atlas 1.2 arrays were determined by comparing the levels of mRNA in Y. pestis-treated cells paired with unexposed controls for each time period. Each measurement was carried out at least three times from three separate donors.
Gene patterns regulated in monocytes/macrophages by Y. pestis infection Overall gene changes were measured using GeneSpring and Partek pro software. Local background was subtracted from individual spot intensity. Genes that had intensities less than their local backgrounds were eliminated from further analysis. We applied ANOVA t-test with a P-value cutoff 0.05 followed by Benjamini correction for false discovery rate of less than 5%. This analysis resulted in a set of statistically significantly variant genes between the control and treated samples. A two-dimensional hierarchal clustering calculation using Pearson correlation around zero was also performed.
In clustering patterns, comparison of gene responses, based on functional similarities, not surprisingly, showed many upregulated genes coding for inflammatory mediators. As shown in Figure 1 , genes regulated during Y. pestis infection were from functional categories of cytokines, transcription factors, kinases and phosphatases, genes involved in hemostasis, coagulation and apoptosis. Up-and downregulation of a variety of different classes of gene families were observed in a time-dependent manner (Figure 1a and b) .
Regulation of cytokines and chemokines by Y. pestis in monocytes and mixed cultures Massive upregulation of certain cytokines was observed at early time periods in these monocytes upon Y. pestis exposure. Proinflammatory cytokines and chemokines such as TNF-a, macrophage inflammatory protein-1a (MIP-1a), MIP-1b and interleukin-6 (IL-6) mRNAs were elevated up to 10-120-fold over untreated controls for an 8-h period. Both IL-6 and MIP-1 mRNA peaked at 4 h and declined thereafter. Data from microarrays ( Figure 2a) showed that TNF-a and IL-6 mRNAs upregulated at early time periods (1 h), suggesting an induction of proinflammatory response soon after exposure of monocytes/macrophages to Y. pestis. Using the same total number of cells, but mixed cultures of monocytes/lymphocytes (1/4), upregulation of these cytokines and chemokines was also observed in the mixed cell populations. Chemokines are potent mediators of cell migration and activation and therefore play an essential role in early events of inflammation. As shown in Figure 2a and Genes that showed significant changes were the cytokines, transcription factors, apoptosis-related genes and genes involved in cell adhesion.
Early genomic responses to Yersinia pestis in monocytes R Das et al 4 h and had returned to basal levels by 8 h after exposure. Both IL-6 and MIP-1a showed a similar expression pattern in mixed cultures of monocytes and lymphocytes (Figure 2a) , where major changes were observed at 8 h time period post exposure; upon 2 h post exposure, in cultures of monocytes alone, more than 40-fold upregulation was observed for expression of these genes. These differences in the expression profiles between monocytes alone and the mixed cultures may be due to the fact that Y. pestis may not infect lymphocytes. When gene expression patterns were compared for moderately regulated (upregulated 2-15-fold) cytokine, chemokines and growth factor genes, increase in transforming growth factor-b (TGF-b), MIP-2a and placental growth factor gene expression levels was observed (Figure 2a and b) . In monocytes alone, we observed upregulation by 1-2 h post-exposure; however, in mixed cells, these genes showed mild upregulation at the 8 h time point only.
Protein level measurements of cytokines and chemokines induced by Y. pestis in monocytes, lymphocytes and mixed cultures Cytokine and chemokine protein levels were also measured after exposure to Y. pestis in these different cell types. Monocytes alone, lymphocytes alone and combination of the two cell types were used for this study. Each cell type was exposed to Y. pestis for various time periods and the cell supernatant was analyzed for the levels of cytokines and chemokines compared to untreated controls. The protein levels (Figure 3a ) of cytokines and chemokines were significantly upregulated in monocytes alone (10-200-fold) and at moderate levels for the lymphocyte-monocyte mixed cell cultures (2-60-fold); however, very little change was observed in lymphocytes alone, suggesting that monocytes/macrophages are the primary cell type that are responding to the infection by Y. pestis. The lack of response in lymphocytes alone may suggest that lymphocytes are not infected by Y. pestis. The levels of proteins IL-6, TNFa, MIP-1s were highly increased in monocytes by 2-4 h (Figure 3a) , and that time frame was similar for the reduced response in the mix cell experiment. Figure 3b is a compilation of the gene expression data from Figure 2a along with the specific protein data from Figure 3a to demonstrate the massive increases in cytokines/chemokines for these metabolites. Figure 3c shows the gene expression levels of IL-1b (from microarrays and realtime PCR) in comparison with the massively elevated levels of the protein (Figure 3c , inset). IL-1b protein was massively (300-1800-fold) increased by Y. pestis in comparison with the levels of other cytokines tested (B200-fold maximum); both the genomic and protein levels for IL-1b increased dramatically, but the protein was massively produced. This may be due to the downregulation of the receptor for IL-1b resulting in a high level of the cytokine in the media.
Transcription factors and nuclear proteins expression in monocytes Transcription factors and oncogenes, such as c-rel, c-myb, nuclear factor-kappaB (NF-kappa B), zinc-finger protein and transcription factor nuclear factor of activated T cells (NF-ATC), were upregulated by Y. pestis in cultures of human monocytes/macrophages at early time points. The capacities of nuclear proteins to bind to different transcriptional factors associated with proinflammatory cytokine promoters were also upregulated upon Yersinia infection. It is also noteworthy that many of these genes depend on the activation of transcription factors such as NF-kappa B for inducible expression by TNF-a ( Figure 4) . The genes c-myb, c-rel, transcription factor NF-ATC, B-94 and zinc-finger protein were upregulated at least twofold compared with untreated control by 2 h; however, the other transcription factors such as NF-kappa B were upregulated by 4 h of exposure. Expression levels of some genes that have never been associated with plague were identified to be regulated by Y. pestis in monocytes/ macrophages such as B-94 and thioredoxin peroxidase ( Figure 4 ). These genes are known to be regulated by various cytokines, especially TNF-a. B-94 expression was Early genomic responses to Yersinia pestis in monocytes R Das et al upregulated by 2 h of exposure to Y. pestis and continued to be expressed even after 24 h (data not shown).
Genes regulating apoptosis in monocytes/macrophages
When genes were studied that regulated apoptosis, we observed that there was a trend that suggested inhibition of apoptosis after Y. pestis infection of monocytes/ macrophages. Genes that are known to inhibit apoptosis, such as B-cell lymphoma protein 2 (Bcl-2), Bcl-2-related protein, anti-death protein and apoptosis inhibitors, were upregulated up to 4 h of infection by Y. pestis. Genes that are proapoptotic were downregulated by the pathogen in monocytes. Proapoptotic genes such as peripheral myelin protein 22 (PMP22), caspase-8, complement component 5 receptor (C5AR) and calprotectin, which are comprised of migration inhibitory factor-related protein 8 (MRP8) and MRP14 were all downregulated in response to Y. pestis infection at these early time periods (Figure 5a and b).
Hemostasis and coagulation related genes altered by Y. pestis infection of monocytes
It is important to note that there were a significant number of genes that were downregulated at all the time points measured for gene expression levels after Y. pestis exposure of human monocytes. Some of the genes that were downregulated have very important cellular functions such as hemostasis and coagulation that may play a role in the pathogenesis of plague. Expression of thrombomodulin gene (TM) was severely downregulated (20-fold) as early as 1 h after infection, and even after 8 h, the gene was downregulated compared with infected controls (Figure 6 ). The consistent downregulation of this gene in combination with the heparin-binding epidermal growth factor (EGF)-like growth factor (not shown) and heme oxygenase might play a role in the coagulation processes. Glutathione peroxidase and transferase among other genes were also downregulated upon exposure to Y. pestis. The functional implication has the potential to elucidate some of the symptoms caused by Y. pestis in animals and humans.
Real-time PCR confirmation of genes in monocytes Several genes selected from the microarray studies were validated using real-time PCR. At each time point, the untreated control samples were compared with the Y. pestis-treated samples. The same RNA samples were used for the microarray and real-time experiments. Housekeeping gene (18S) was used to normalize between control and treated samples. Real-time PCR using specific primer probe mix for each of the target genes IL-6, IL-2, IL-10, IL-8, MIP-1, IL-1b, TNF-a, B-94, C5AR or thrombomodulin were performed in separate reactions and compared with the gene array data (Figure 7) . The gene array data showed similar patterns of gene expression changes with those determined by real-time PCR. Gene changes were observed at the earliest time period tested (1 h) after exposure to Y. pestis. Some genes were upregulated after 4 h of exposure and expressed up to the 8 h time point. Many genes such as C5AR and thrombomodulin were found to be significantly downregulated at all time periods studied. We were able to validate these changes in expression levels of these selected genes using real-time PCR.
Discussion
With its potent virulence and ability to overcome host immune defenses, Y. pestis is a dangerous human health threat. The identification of the biochemical processes that dictate the bacteria's life cycle and pathogenicity can provide information to aid in improved detection of Y. pestis, vaccine design and post-infection treatment. In the present study, we analyzed the in vitro host gene expression changes induced by intracellular Y. pestis infection in human monocytes/macrophages using cDNA microarray technology.
The present study was conducted under conditions where Yersinia outer proteins (Yop) were not expressed or delivered (e.g. bacteria were grown at 261C instead of 371C, which would mimic the initial stages of infection from the flea to the mammalian host). The objective was to examine the intracellular infection process in order to understand the early response of the human immune system to Y. pestis. As the cell cultures were maintained at 50 mg/ml of gentamycin, all the extracellular bacteria were eliminated and the response was due to intracellular bacteria. 19 Under these growth conditions in the presence of calcium and intracellular bacterial infection, Yop expression was considered to be minimal. Yops have been characterized to disrupt cellular immune defense functions such as TNF-a release, O 2 production or phagocytosis and thereby allow Yersinia to grow extracellularly. However, in the present study, when grown in the presence of gentamycin to ensure no extracellular bacteria was present, the effect observed was due to intracellular bacteria. 19 In these culture conditions, we were able to see a strong inflammatory response induced by Y. pestis in human monocytes. This was in contrast to previous studies that have shown specific Yops to be responsible for downregulation of the proinflammatory Early genomic responses to Yersinia pestis in monocytes R Das et al immune responses and apoptosis. 8 Under our infection conditions, the overall pattern of gene expression in monocytes alone was very strong and was visible by 1 h; however, in mixed cultures of monocytes and lymphocytes, the changes in gene expression of cytokines were somewhat delayed. The level of changes was also very modest in these mixed cultures and the findings for the protein levels of these cytokines and chemokines showed similar findings (Figures 2-7 ). There were fourfold fewer monocytes in the mixed cell study, and the responses, in some cases, were decreased by approximately that percentage. Lymphocytes alone did not respond. This may be because Y. pestis does not infect lymphocytes. One aim was to see if cross-talk between monocytes and lymphocytes would potentiate the effects of Y. pestis exposure, and rather conclude that it did not.
Inflammatory responses
Our data demonstrate that TNF-a, IL-6, IL-1b, IL-2 and B-94 are proinflammatory molecules and their corresponding genes are significantly upregulated early upon exposure to Y. pestis. Changes in protein levels of these cytokines were also confirmed using the Pierce cytokine assays (Pierce, Rockford, IL, USA). Similar induction of these genes has been reported in response to a variety of different bacterial infections. Yersinia enterocolitica infection of HeLa epithelial cells increased mRNA levels of five cytokines, IL-1a, IL-1b, monocyte chemoattractant protein 1 (MCP-1), granulocyte-macrophage colonystimulating factor (GM-CSF) and TNF-a, but TNF-a protein was not detected. 20 These differences may be due to dissimilar experimental conditions and cell types used in our study.
These observations are similar to a recent report by Brubaker 21 in which mice infected with avirulent pCDÀ cells of Y. pestis exhibited a generic inflammatory response characterized by upregulation of TNF-a and interferon-g (IFN-g) in spleen cells. This study showed that these cytokines eventually were downregulated and that there was an induction of IL-10, the anti-inflammatory cytokine. When analyzed using gene arrays and real-time PCR, in the current study, we also observed upregulation of the anti-cytokine IL-10 at the 8 h time period post exposure. This result also matched with Brubaker's finding using virulence plasmid, pCD, negative Y. pestis.
The protein expression data were comparable to the gene data obtained from microarray experiments and followed a similar trend. However, the levels of regulation for each of these proteins showed some variation, especially IL-1b. Real-time PCR showed the gene for IL1b to be upregulated 12-fold (Figure 7) , whereas the protein levels were increased B1800-fold (Figure 3c , inset). We have observed this trend in other studies for protein production versus gene expression of IL-1b, even in vivo infection models, and have a rather simple explanation for the disparity between the modest genomic and massive protein fold changes. The mRNA real-time PCR levels expressed in control samples for IL1b are at similar levels to those of the other cytokines and chemokines reported in this study. However, the protein levels in the control samples for IL-1b were miniscule (relative to the control levels of all of the other inflammatory mediators). TNF-a and IL-1b were each found at B10 000 pg/ml in exposed samples at maximal production, but showed a 60-fold difference in the control samples (data not shown).
The IL-1b gene changes were quite modest compared with the changes in the protein levels, which could be due to the downregulation of the receptor for IL-1b, resulting in a high level of the cytokine in the media. For the other cytokines, there was upregulation of their receptors as well, which could explain the differences in the levels of expression. Based on these observations, we will be looking further into the receptor expression as well in our future studies.
Clinically elevated levels of chemokines have been found in a variety of inflammatory diseases. In the present study, expression of chemokines such as MIP-1a, MIP-1b and MIP-2a was significantly induced upon infection with Y. pestis as early as 1 h post exposure, peaked by 4 h and was reduced by 8 h of exposure Figure 7 Real-time PCR confirmation of selected genes in monocytes. RNA isolated from monocyte cells exposed to Y. pestis was quantitated for expression of selected genes from each functional category. Primer and probes were obtained from ABI and the reaction performed in Taqman 7500 real-time machine from ABI. Calculations for fold change were performed as described in Methods.
Early genomic responses to Yersinia pestis in monocytes R Das et al (Figure 2 ). Similar induction of MIP-1a, MIP-1b and RANTES was observed in human T cells upon exposure to Y. enterocolitica. 22 F1 of Y. pestis is a capsule protein of 17.5 kDa known to induce thymocyte proliferation and to have anti-phagocytic role in macrophages. It was observed in a recent report by Sodhi et al. 23 that 10 mg/ ml of rF1 antigen activated murine peritoneal macrophages in vitro by inducing the production of TNF-a, IL-1b, IL-6, NO, MIP-1a, MIP-1b, MCP-1 and RANTES. Comparative analysis of the cytokine-inducing activity of Y. pestis EV antigens was reported by several investigators. [24] [25] [26] [27] Recent findings indicate that Yops are highly active proteins that engage in crucial eukaryotic signaling mechanisms. For instance, the Yersinia effector YopP is able to induce apoptosis in macrophages presumably by blocking mitogen-activated kinase and NF-kappa B-mediated signaling events. 8 In our study, however we observed upregulation of these genes upon Y. pestis infection at the early stages of infection, which may suggest an antiapoptotic state, which was probably due to the intracellular bacterial infection of the monocytes and not extracellular, where Yops would be expected to be expressed and delivered into the host cell. 28 We believe that under current conditions of only intracellular infection and cultures in the presence of calcium, the Yops may not be expressed in an effective manner. Also, the proinflammatory responses observed in our studies suggest that Yops may not be active at these early time periods of infection.
One of the unique genes that was altered by Y. pestis from our gene array results was B-94, a gene originally described as a novel TNF-a-inducible primary response gene in endothelial cells. It was shown to be expressed in developing hematopoietic tissues and was also induced in an in vitro model of angiogenesis. 29 Expression of B-94 gene was found to be highly upregulated in monocytes and was similar to the pattern of expression of TNF-a. Proinflammatory stimuli, including IL-1b and LPS, have been reported to induce B-94 mRNA expression. 30 TNF-a induction of the B94 gene occurs primarily at the level of transcriptional activation. The role of these inflammatory genes is still not clear; however, both TNF-a and B-94 may be some of the early responders of the host immune system during Y. pestis infection. The induction of B94 may help promote deep tissue and visceral organ invasion by Y. pestis. Increase in expression levels of TNF-a, TNF-b and B-94 after Y. pestis infection in our current study suggests a critical cascade that is turned on as an inflammatory response in these immune cells. In the literature, it has been reported that proinflammatory cytokines such as TNF-a are critically involved in activation of the coagulation system in sepsis, leading to disseminated intravascular coagulation (DIC). Natural anticoagulants such as antithrombin and activated protein C regulate the coagulation system by inhibiting thrombin generation. 31 Inflammation and thrombosis are increasingly recognized as inter-related biological processes. In the present study, downregulation of thrombomodulin in monocytes soon after infection with Y. pestis suggests an important role of the gene in pathogenesis of plague. Endothelial cell expression of thrombomodulin, a key component of the anticoagulant protein C pathway, is potently inhibited by inflammatory cytokines. 32, 33 Decreased expression of TM was observed in our study after exposure of monocytes to Y. pestis. Thrombomodulin is a vascular endothelial cell receptor that is a cofactor for thrombinmediated activation of the anticoagulant protein C. ThrombomodulinÀprotein C pathway is a major anti-thrombotic mechanism present in endothelial cells, and an important modulator of inflammation. It has been reported that a rapid depletion of protein C occurs in sepsis, which contributes to sepsis-induced coagulopathy and correlates with a poor prognosis. [34] [35] [36] Decrease in tissue levels of thrombomodulin in patients with meningococcemia has also been reported in the literature. 37 NF-kappa B was reported to be a critical mediator of TM repression by cytokines. 38 Blocking NF-kappa B activation effectively prevented cytokine-induced downregulation of TM, both in vitro and in a mouse model of TNF-a-mediated lung injury. Nan et al. 39 recently demonstrated that TNF-a significantly decreases expression of TM at both mRNA and protein levels in several human endothelial cells. Increase in expression of TNF-a and NF-kappa B and decrease in the expression level of thrombomodulin in our study may indicate similar pathogenic events triggered by Y. pestis in human monocytes. Downregulation of TM would favor clot formation and could contribute to DIC (the primary cause of death from plague infection).
A large number of transcription factors were altered in their level of expression upon exposure to Y. pestis in monocytes. One induced transcription factor, c-Myb, a member of the Myb family of transcription factors, regulates both the proliferation and differentiation of hematopoietic cells of different lineages. Many genes have been identified that are regulated by c-Myb. Transcription factors such as c-Rel, NF-kappa B, zincfinger domain and other genes were also upregulated by 2-4 h of Y. pestis exposure and were down to control levels by the 8 h time point. c-Rel is a proto-oncogene that belongs to the NF-kappa B/Rel transcription factor family whose members share a common DNA recognition motif and similar signaling pathways. TNF-activated NF-kappa B complex is composed of p65, p50 and c-Rel. NF-kappa B is a central regulator of the cell innate immune response to infection with enteroinvasive bacteria. The Y. enterocolitica invasin protein was reported to trigger IL-8 production in epithelial cells via activation of c-Rel p65-p65 homodimers. 40 Ruckdeschel et al. 41 reported the activity of transcription factor NF-kappa B in macrophages infected with Y. enterocolitica. Although initially triggering a weak NF-kappa B signal, Y. enterocolitica inhibited NF-kappa B activation in murine J774A.1 and peritoneal macrophages within 60-90 min. NF-kappa B gene along with TNF-a was induced by Y. pestis at early time periods in our study. TNF-a could play a role in activation of NF-kappa B (c-Rel, a subunit of the NF-kappa B complex).
Another gene identified in our study that has a crucial cellular function is thioredoxin peroxidase 2 (TDPX), which indicates possible induction of oxidative stress in monocytes upon exposure to Y. pestis. TDPX, originally cloned as a natural killer enhancing factor, belongs to a highly conserved antioxidant family. TDPX 2 plays a critical role in the reduction of H 2 O 2 to H 2 O. Chromy et al., 42 in a publication using proteomic analysis, showed that pereredoxin-3 protein was upregulated in response to Y. pestis infection, indicating
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Antiapoptotic effects of Y. pestis Y. pestis-induced apoptosis is a Yop-dependent event, which would be expected to occur only after growth of the bacteria in the absence of calcium has occurred. The avirulent mutants of Y. pestis lacking pCD are intrinsically resistant to intracellular killing by mouse macrophages. 12 Our data from gene expression studies clearly indicate a burst of cytokine release but an inhibition in induction of apoptosis in these cells upon exposure to Y. pestis. These data also indicate that during early stages of infection before the induction of apoptosis, cytokine is released from host monocytes cells, which generates strong inflammatory response that are known to induce bubos in human body.
Genes involved in cell death such as C5AR, MRP8, MRP14 and PMP22 were downregulated upon exposure to Y. pestis. These genes were downregulated by Y. pestis infection at all time points in human monocytes, suggesting an antiapoptotic effect. The peripheral myelin protein PMP22 gene has been described as a growth arrest-specific gene gas3 and has been identified as a disease specific gene of various demyelinating neuropathies. Y. pestis inhibited expression of this gene at early time periods of exposure in monocytes. Calprotectin, a calcium-binding and zinc-binding protein complex composed of 8 and 14 kDa subunits (migration inhibitory factor-related proteins, MRP8 and MRP14) were found to induce cell death in neutrophils. Intact calprotectin, consisting of a heterodimer of MRP8 and MRP14, is necessary to form a zinc-binding site capable of inhibiting microbial growth. 13 Our data agree with a previously reported study that shows that elevation of intracellular calcium levels by A23187 as well as by thapsigargin downregulated MRP8/MRP14 mRNA. 14 We observe a similar downregulation of these genes in response to Y. pestis infection as early as 2 h post exposure, suggesting a possible role of these genes in blocking cell death (Figure 5b) .
Conclusion
In the current study, we observed proinflammatory response induced by Y. pestis in human monocytes under conditions where Yops would not be expected to be expressed and at early time periods of intracellular infection. Upregulation of TNF-a, IL-6, c-Rel and NFkappa B along with downregulation of thrombomodulin indicates specific proinflammatory events induced by Y. pestis in the host cells at these early time periods and identifies factors that may be directly related to the eventual vascular disruption.
In addition to the cytokine and chemokine gene and protein responses, we have identified genes that play a role in cellular functions such as oxidative stress and coagulation, which are common pathologies induced by Y. pestis in humans and animal models. This study reveals some of the early events induced by Y. pestis and the differences in response in various target immune cells, which will help us understand better the signaling cascade induced by these pathogens in the host.
Methods
Bacterial strain and growth conditions Y. pestis KIM5 Pgm-negative mutant bacteria (laboratory stock) were grown on brain heart infusion (BHI, Invitrogen, Rockville, MD, USA) agar plates at 301C for 48 h. Preculture of Y. pestis bacteria was grown in BHI broth at 261C overnight in shaker incubator at 180 r.p.m. and were diluted 1/25 in fresh BHI medium. The organism was then grown at 261C for 5 h (OD 600 B0.5) and used for infection. To determine the multiplicity of infection (MOI), we counted serial dilutions of the bacterial culture by plating on BHI agar plates followed by incubation at 301C for 48 h.
Isolation of cells from human PBMC using elutriation methods Human monocytes and lymphocytes of peripheral blood mononuclear cells were purified from leukopacks of healthy donors by centrifugation over lymphocyte separation medium (Organaon Tecknika, NC). Monocytes and lymphocytes were then further purified by counterflow centrifugation-elutriation with pyrogen-free, Ca 2 þ -and Mg 2 þ -free phosphate-buffered saline as the eluant. 43 The resulting monocytes and lymphocyte preparations had greater than 95% viability. Cells were used immediately. Monocytes and lymphocytes were mixed in the ratio 1:4. Cell cultures were maintained in RPMI media containing calcium at 371C. incubation at 371C and 5% CO 2 , the cells were infected at an MOI of approximately 10:1 (B10) bacteria. After 30 min infection, the supernatant of each flask was centrifuged for precipitating the non-attached cells and then fresh medium was added to resuspend the pellet and return back to the monolayer in each flask. Cells were washed once with HBSS and then gentamycin (50 mg/ml) was added for killing the extracellular bacteria. Cells were harvested at multiple time periods following exposure and suspended in Trizol for RNA isolation. For total RNA isolation, 3 ml Trizol was added to the pellet and 3 ml Trizol was added to the infected monolayer and were combined for RNA isolation.
RNA isolation
Total RNA was isolated using Trizol (Invitrogen, Rockville, MD, USA) method from both uninfected control and infected samples at 1, 2, 4 and 8 h. RNA integrity was determined by gel electrophoresis and Agilent Bioanalyzer 2100 using the RNA chips (Agilent, Santa Clara, CA, USA). Target RNA was prepared according to protocol in the Clontech Atlas cDNA Expression Arrays User Manual (Clontech Laboratories Inc., Palo Alto, CA, USA).
Gene array studies Clontech human nylon blots (1185 cDNA spots with negative and positive controls) were used to study the gene pattern in the samples exposed to Y. pestis for different time periods (1, 2, 4 and 8 h) along with the matched control uninfected human samples at each time period. The control and treated samples were labeled with 33 P and hybridized to blots overnight at 651C. After hybridization and high stringency washes, blots were exposed to the K-Screen (BioRad, Hercules, CA, USA). Images of the array were acquired and processed using Bio-Rad's Molecular Imager FX and Quantity One software (BioRad). Each spot on the scanned images was aligned and analyzed using the Atlas Image 2.01 software and data were further analyzed using Gene Spring and other clustering techniques for gene changes and to group genes with similar expression patterns or functions.
Data analysis
For each time period, data from three to six separate experiments were obtained and, using the data from these multiple experiments, two-way ANOVA analyses were carried out. The software packages GeneSpring version 5.0 (Silicon Genetics, San Carlos, CA, USA) and Partek Pro 5.0 (St Charles, MO, USA) were used to visualize and analyze the data. ANOVA (Po0.05) was performed followed by Benjamini correction for various sets of data to find genes that varied significantly across samples and to identify patterns of gene regulation in monocytes exposed to Y. pestis. To normalize for spot intensity variations among arrays, the average intensity values for all genes on a given array were divided by the sum of all measurements on that array. Complete linkage hierarchical clustering of an uncentered Pearson correlation similarity matrix was also applied using the Eisen Cluster software, and the results were visualized with the program Tree-View 44 (Eisen, 1998).
Cytokines assay
Cultures of monocytes, lymphocytes and a mixture of both were exposed to Y. pestis and cytokine profiles measured at different time periods post exposure. The tissue culture supernatant was frozen and the cytokine profiles analyzed using the Pierce cytokine assay. The samples were shipped to Pierce for analysis of the protein levels in both Yersinia-treated and untreated samples at each time point.
Real-time PCR
Genes from array experiments were selected from each functional category that was significantly altered for confirmation by real-time PCR. The goal was to validate the results obtained from array experiments. ABI Taqman human predesigned, gene-specific probe and primer sets (purchased from Applied BioSystems, Foster City, CA, USA) and Taqman Universal PCR master mix (Roche Molecular Diagnostics, Indianapolis, IN, USA) were used for quantitative analysis according to the manufacturer's instructions. A single primer set per reaction was used for each of the target genes: IL-6, IL-2, IL-10, IL-8, MIP-1, IL-1b, TNF-a, B-94, C5AR or thrombomodulin. All the experiments were performed on ABI 7500 real-time PCR systems (Applied Biosystems). The same RNA samples used for array experiments were saved and used for real-time PCR. The 18S housekeeping gene was used for standard curves/slope value and to normalize the genes of interest. Primer efficiency was tested by using serial 10-fold dilutions of control cDNA (Stratagene, La Jolla, CA, USA). Primer efficiencies were calculated from the given slope values for each primer in the real-time software. The slope value was applied to the formula E ¼ 10-1/mÀ1, where m is the slope value. The C t (threshold cycle) values for all the genes were converted to fold change using the formula (1 þ E)DC t , where E denotes the efficiency of the primer set for a gene and DC t denotes the difference between the C t values of control and treated samples of a given gene. To avoid any variability, stock of cDNA (from the pool of total RNA used for gene array) was prepared using Invitrogen reverse transcription kit and 100 ng of cDNA was used in 20 ml reaction. To confirm accuracy and reproducibility of real-time PCR, the assays were set in replicates with no amplification (NA) and no template controls (NTC) to test for any contamination. The PCR program used was as follows: first hold at 501C for 2 min, second hold at 951C hold for 1 min and third stage 40 cycles of 15 min at 951C and 1 min at 601C. The 18S gene was used as an endogenous control to normalize the genes of interest. Each RNA sample was first normalized to 18S and then each treatment group was compared with its uninfected control. Each time period examined had its untreated control at 1, 2, 4 and 8 h. These values were compared with the infected samples at each time period. Multiple donor RNA samples were tested for both microarray and real-time PCR analysis.
